We present a novel method for the generation of synchronized short pulses at high repetition rates from Erdoped silica f iber lasers. The method employs coupling of an optical pulse train to a passively mode-locked f iber laser. The injected signal repetition rate is slightly detuned from the modal spacing of the f iber laser, such that a subset of the latter modes is injection locked, yielding a high-repetition-rate pulse train. By injecting a 2-GHz train of relatively broad optical pulses at an average power of 100 mW, we achieved a train of 6-ps pulses at rates of 40 GHz from the harmonically locked f iber laser. © 1995 Optical Society of America Passively mode-locked Er-doped fiber (EDF) lasers 1 are important sources of short optical pulses with potential applications for ultrafast optical communications and for clocking distributed optical systems. The majority of these lasers employ either a nonlinear amplif ied loop mirror or a nonlinear polarization rotation mechanism as a fast saturable absorber. To exploit the passively mode-locked EDF lasers for high-bit-rate optical communication systems, it is necessary to overcome two basic deficiencies, their typical low repetition rates and the absence of an externally controlled timing mechanism. A possible approach for overcoming these def iciencies is to actively mode lock the laser modes with either optoelectronic 2 or all-optical 3 modulating elements. In this Letter we demonstrate a novel scheme for achieving narrow pulses at high rates from a passively mode-locked EDF laser. This approach uses coherent interactions between externally injected optical pulse trains and the mode-locked lasers. This multimode coherent interaction is a complex multidimensional extension of the well-known cw injectionlocking process. The first, to our knowledge, injection locking of an actively mode locked semiconductor laser to an external optical pulse train was recently reported. 4 In this study the typical low-repetition-rate limit of fiber lasers was overcome by use of a harmonic injection-locking scheme. The scheme uses selective injection locking of a predef ined subset of the cavity modes of the EDF laser, resulting in a high-repetitionrate pulse train from the locked fiber laser. We achieved synchronized operation of an EDF laser at a pulse rate as high as 40 GHz, while the injected pulse rate was approximately 2 GHz.
Passively mode-locked Er-doped fiber (EDF) lasers 1 are important sources of short optical pulses with potential applications for ultrafast optical communications and for clocking distributed optical systems. The majority of these lasers employ either a nonlinear amplif ied loop mirror or a nonlinear polarization rotation mechanism as a fast saturable absorber. To exploit the passively mode-locked EDF lasers for high-bit-rate optical communication systems, it is necessary to overcome two basic deficiencies, their typical low repetition rates and the absence of an externally controlled timing mechanism. A possible approach for overcoming these def iciencies is to actively mode lock the laser modes with either optoelectronic 2 or all-optical 3 modulating elements. In this Letter we demonstrate a novel scheme for achieving narrow pulses at high rates from a passively mode-locked EDF laser. This approach uses coherent interactions between externally injected optical pulse trains and the mode-locked lasers. This multimode coherent interaction is a complex multidimensional extension of the well-known cw injectionlocking process. The first, to our knowledge, injection locking of an actively mode locked semiconductor laser to an external optical pulse train was recently reported. 4 In this study the typical low-repetition-rate limit of fiber lasers was overcome by use of a harmonic injection-locking scheme. The scheme uses selective injection locking of a predef ined subset of the cavity modes of the EDF laser, resulting in a high-repetitionrate pulse train from the locked fiber laser. We achieved synchronized operation of an EDF laser at a pulse rate as high as 40 GHz, while the injected pulse rate was approximately 2 GHz.
Mode-locked operation under injection-locking conditions combines phase locking of the modes to the external signal and the self-locking that is due to the cavity nonlinearities. The theoretical analysis of this pulsed injection locking, for an injected signal of a similar repetition rate to that of the passively mode-locked laser, can be formulated by the evolution of the cavity mode amplitude a n as
The differential gain G is taken at v 0 (the mode at the center of the gain spectrum), L is the loss, V g is the gain bandwidth, and Dv is the mode spacing of the fiber laser cavity. The injected pulse center optical frequency is v i , with Fourier component spacing of Dv i . n is the cavity mode number referenced to v i , and s n is the Fourier component of the injected signal with the appropriate frequency. The normalized coupling coeff icient of the injected signal is k, and we assume that the injected signal and the gain have the same center frequency. The harmonic locking in the spectrum domain is schematically depicted in [ Fig. 1(c) ] and consequently the laser output rate. The locked laser repetition rate is essentially an integer multiple of both the locked and the free-running pulse rates.
The cavity nonlinearities and gain saturation are the cause for the modal suppression of the nonoverlapping modes. To take into account the cavity nonlinearities, which are central to the passive mode-locked operation of the laser, we sum the cavity modes, and the resulting master equation is supplemented with terms describing self-phase and amplitude modulation and nonequal cavity mode spacing, originating from the cavity dispersion 6 :
T R is the cavity round-trip time, g T R G, l T R L, D is the dispersion in the cavity, g is the saturable absorber coeff icient, h is the self-phase modulation coeff icient, dt 0 is the deviation between the free-running laser and the injected pulse train repetition rate, and S͑t͒ is the injected signal. For injection locking to occur, the laser must be capable of supporting pulses at a high repetition rate. 6 Under free-running conditions, the seemingly high-rate pulses are spread randomly in the cavity and neither are coherent nor substantiate a stable pulse train. The harmonic injection acts to spread the pulses equally in the cavity and at the same time increase their coherency. In the frequency domain the spreading of the pulses and increased coherence are synonymous with locking the phases of the interacting modes and suppressing the noninteracting ones. An important aspect of Eq. (2) is that the effective coupling k is given by the energy coupling 5 divided by the harmonic to which the fiber laser is locked.
The experimental system is depicted in Fig. 2 . An actively mode-locked extended-cavity diode laser, operating at 1.534 mm, produced pulse trains of 985 and 1970 MHz with corresponding pulse widths of 30 and 25 ps. After amplification by an EDF amplifier, the pulses were injected into a passively modelocked fiber laser. The laser gain medium, 6-m-long EDF, was pumped by a 100-mW, 980-nm Ti:sapphire laser. The EDF laser employed a nonlinear polarization rotation mechanism with an intracavity polarizer as the saturable absorber. 1 The free-running EDF laser produced ϳ1-ps pulses at unstable multiples of ϳ10 MHz, the basic cavity repetition rate. The output of the fiber laser was monitored at ports o1 and o2 by a 35-GHz detection system, by an optical spectrum analyzer, and by a second-harmonic optical correlator. While the outlined system may look similar to a previously reported all-optical mode-locked laser, 3 the much shorter cavity (10 m versus 8 km) and the much lower injected power (100 mW versus 4 mW) resulted in a much reduced cross-phase modulation (by more than 4 orders of magnitude) -thus ruling out the latter as a relevant mechanism.
Stable operation of the EDF laser at rates of 1950, 1925, and 3850 MHz, corresponding to twofold, threefold, and sixfold frequency increase of the ϳ975-MHz injected pulse train, recorded at port o1 is depicted in Fig. 3(a) . The large leading pulse represents the combined intensity of the injected pulse and the injection-locked fiber laser pulse. For the higher harmonic signals, the leading pulse was clipped for clarity. The operation of the laser at 19.7 GHz, corresponding to a tenfold increase of an ϳ1970-MHz pulse, is depicted in Fig. 3(b) . Rf spectrum measurements reveal that the fiber laser cavity mode beating is suppressed by more than 30 dB compared to the rf signal at the harmonic repetition rate. Correlation traces of the pulses obtained from a harmonically locked laser at a rate of 40 GHz, for an injected pulse train rate of 1970 MHz, are presented in Fig. 4 . The pulse width from the autocorrelation measurements was approximately 6 ps, with a spectral width of 0.7 nm, resulting in a time -bandwidth product of approximately 0.5, indicating that the pulses were slightly chirped. The cross-correlation traces were broader because of interpulse jitter noise. From the cross correlation the estimated timing jitter was ,0.6 ps for operation as high as 10 GHz and ϳ2 ps for higher rates. The reduced pulse width of the harmonically locked fiber laser indicates that the main role of the injected signal was to enhance the phase locking between the relevant fiber laser cavity modes, while the output pulse width was determined by the fiber laser pulse-forming mechanisms. The slight deterioration in stability above 20 GHz was attributed to a signal-to-noise ratio reduction that is due to the low energy of the individual pulses.
For operation at the basic repetition rate of the diode laser, the locking range for the repetition rate detuning of the injected signal was linearly dependent on the injected power, and for a power of 100 mW it was approximately 40 kHz. The linear dependence is in agreement with a perturbation analysis of Eq. (2). 7 When the fiber laser was locked to the second harmonic of the injected signal, the locking range for a 100-mW injected signal was approximately 20 kHz, as expected from the analysis described above. For a spectral detuning larger than 0.4 nm, smaller than the free-running fiber laser pulse bandwidth, the fiber laser did not lock to the injected signal. This was the case also for an input signal with unmatched polarization.
To explore the locking mechanism, we examined the effect of the injected pulse intensity on the output laser pulses. We injected a pulse train at ϳ1970 MHz, tuned for twofold repetition-rate increase. The relation between the peak power of the injected signal and the peak power of the output pulses of the injectionlocked fiber laser was recorded [ Fig. 5(a) ], and the results were complemented by the output optical spectra [ Fig. 5(b) ]. As is evident from Fig. 5 , the characteristics of the fiber laser have a nonlinear dependence on the injected power. This dependence is not a consequence of gain saturation, since the fiber laser gain is clamped at its threshold value, and the injected signal does not dramatically modify the optical power in the cavity. Rather the nonlinear behavior explained by the locking mechanism. At low injected powers, e.g., point 1 in Fig. 5(a) , partial locking of the modes of the fiber laser resulted in a strong residual cw signal, as evident in Fig. 5(b) , whereas for higher injected powers a complete locking of the fiber laser modes sets in. These results contrast with those of an actively mode-locked system, in which the pulse width is proportional to the cubic root of the modulation amplitude. 6 In summary, operation at 40 GHz was obtained by use of a novel concept of harmonic injection into a passively mode-locked fiber laser.
